We previously reported that difluoromethylornithine (DFMO), an inhibitor of polyamine biosynthesis, exerted significant beneficial effects on the lifespan and disease expression of MRLlpr/lpr mice, which spontaneously develop a lupus-like syndrome. Polyamine levels in splenic T-cells of MRL-lpr/lpr mice were significantly higher than those of Balb/c mice. In the present investigation, we examined the role of endogenous polyamines in transmembrane Ca2l influx, generation of InsP3 and tyrosine phosphorylation of the p561ck protein in concanavalin A-stimulated splenic T-cells. Cytosolic free calcium concentrations ([Ca2l]1) in concanavalin A-stimulated T-cells of MRL-lpr/lpr and Balb/c mice were 250 + 25 and 450 + 42 nM respectively.
INTRODUCTION
Polyamines (putrescine, spermidine and spermine) are small organic cations that are essential for cell growth and differentiation [1, 2] . Ornithine decarboxylase (ODC) is a key enzyme in their biosynthesis [3, 4] . ODC activity is induced by mitogens, growth factors and other trophic signals, maintaining tight control of intracellular polyamine levels. Delicate regulation of ODC includes transcriptional, translational and post-translational mechanisms [5] . Increased levels of polyamines participate in the suppression of their own synthesis by inhibiting the translation of ODC mRNA and by facilitating the degradation of ODC protein [6] [7] [8] . Derailment of one or more of these control mechanisms is found in tumour cells as well as in certain autoimmune disorders [9] [10] [11] .
Puri et al. [12] first reported that patients with systemic lupus erythematosus, an autoimmune disorder, have increased levels of polyamines in their serum compared with normal controls. In animal models of lupus, MRL-lpr/lpr and NZB/W mice, we found a 3-fold higher level of intracellular polyamines in their splenocytes than in normal Balb/c mice [11] [12] [13] [14] . Treatment of these mice with an ODC inhibitor, difluoromethylornithine (DFMO), prolonged their lifespan, ameliorated renal disease and prevented anti-DNA antibody production. DFMO treatment also altered the pattern of thymic differentiation as judged by were 90% higher. DFMO treatment increased InsP3 levels in concanavalin A-treated MRL-lpr/lpr T-cells to 67 %. Westernblot analysis showed a 7-fold higher level of p56Ick phosphorylation of MRL-lpr/lpr splenic T-cells than that of Balb/c mice. DFMO treatment reduced tyrosine phosphorylation of p561ck of MRL-lpr/lpr mice significantly (P < 0.001). Two-colour flowcytometric analysis revealed no significant difference in the CD4+/CD8+ ratio in splenic T-cells of MRL-lpr/lpr mice after DFMO treatment. Polyamine levels in splenocytes were significantly reduced by DFMO treatment. These data show that DFMO treatment could alter signal-transduction pathways of splenic T-cells of MRL-lpr/lpr mice. Increased levels of polyamines in T-cells of untreated lpr mice contribute to defective signal-transduction pathways and the pathogenesis of lupus-like symptoms.
changes in the expression of differentiation markers in thymic Tcells of MRL-lpr/lpr mice [14] . Other studies also support a role for polyamines in the pathogenesis of immunological disorders. Flescher et al. [9] reported that mononuclear cells of patients with rheumatoid arthritis have intracellular polyamine concentrations 2-20-fold higher than in normal controls. Colombatto et al. [10] showed that polyamine levels are significantly higher in peripheral blood mononuclear cells of AIDS patients than in normal controls. Despite these intriguing findings, the role of polyamines in autoimmunity is not yet understood.
Our finding [1 1,15 ] of a beneficial effect of DFMO on MRLlpr/lpr mice suggests that polyamines may have an important role in the pathogenic mechanisms of murine lupus. DFMO prevented the production of pathogenic anti-DNA antibodies in this strain without seriously compromising total immunoglobulin production [15] , thereby suggesting that the action of this drug might be selectively targeted at the T-cell compartment. Involvement of T-cells in the development of a lupus-like disease in MRL-lpr/lpr mice has been well documented by earlier studies using thymectomy [16] as well as by recent studies using chimaeric/transgenic mice [17] . We therefore questioned whether interference with the polyamine-biosynthetic pathway in MRLlpr/lpr mice would induce alterations in T-cell signalling in response to mitogens.
Cellular responses to cell-surface stimuli by antigens or mito-gens are translated into biochemical events by transmembrane signalling pathways leading to gene transcription, DNA replication, cell proliferation and cell differentiation [18] [19] [20] . Association of the extracellular signal such as the antigen with the T-cell receptor and the co-receptor CD4 activates tyrosine kinases. Lck, a member of the Src family of tyrosine kinases, is particularly important in signal transduction in T-cells although it may not be the sole tyrosine kinase activated by T-cell receptor [21] [22] [23] . Pleiotropic responses, including the activation of phospholipase C and polyphosphoinositide phosphodiesterase, follows the activation of p561ck [24] . The hydrolysis of PtdInsP2 results in the production of two second messengers, InsP3 and 1,2-diacylglycerol [25] . InsP3 is responsible for the increase in intracellular Ca2+, and diacylglycerol activates protein kinase C [26, 27] . We hypothesized that an altered regulation of these critical signalling processes could occur in MRL-lpr/lpr mice as a result of abnormal concentrations of polyamines in their lymphoid cells. We report here that splenic T-cells from MRL-lpr/lpr mice exhibit defective PtdInsP2 hydrolysis, transmembrane Ca2+ influx and elevated tyrosine phosphorylation ofp56'ck protein compared with that of normal Balb/c mice. DFMO treatment resulted in increased InsP3 generation, improved Ca2+ influx and normalized levels of p561ck tyrosine phosphorylation.
EXPERIMENTAL Mice
Female Balb/c and MRL-lpr/lpr mice were purchased at [27] . Purified T-cells were resuspended in serum-free RPMI medium supplemented with 0.1 % crystalline BSA at a concentration of 1.5 x 106 cells/ml.
The cells were loaded with indo 1/AM at concentrations of 0.5 M and incubated at 37°C for 40 min. The dye-loaded cells were stimulated with Con A at 25 ,ug/ml and the ratio of indo 1/AM fluorescence at 500 nm to that at 400 nm (R = F500/F400) was recorded for a period of 10 min. Indo 1/AM has a fluorescence maximum at 500 nm, which shifts to 400 nm when the dye is bound to Ca2+. A decrease in indo 1/AM fluorescence ratio R is therefore a measure of increased accumulation of [Ca2+] , by either transmembrane Ca2+ influx or release from intracellular stores. Two-parameter histograms of time versus R were recorded. The ratios were then converted into [Ca2+]i by using a calibration method described by Chused et al. [28] and used in our recent publication [27] . Using Multi-parameter Data Acquisition and Display System (MDADS; Coulter Electronics) list mode-analysis programs, we further analysed the histograms to generate graphs showing relative cell number against [Ca2+].
In order to confirm the [Ca2+]i measurements performed with the flow cytometer, we also used a spectrofluorimetric technique, as described by Rabinowitch et al. [29] . A Perkin-Elmer luminescence spectrometer LS 50, thermostatically controlled at 37°C, was used for this purpose. Our measurements of [Ca2+]1 using this method were in good agreement (within 15 %) with those calculated by the flow-cytometric technique. The data were further analysed to generate curves representing the time courses of mean [Ca2+]1 after Con A treatment.
Measurement of [3H]inositol phosphates
Inositol phosphates were separated and quantified as described by Berridge et al. [30] . Briefly, freshly isolated T-cells from Balb/c as well as untreated and DFMO-treated MRL-lpr/lpr mice were incubated in RPMI medium (107 cells/ml) containing 40,uCi/ml [3H]inositol for 3 h at 37 'C. After extensive washing, cells were resuspended in RPMI medium containing 10 % fetal bovine serum at 0.5 x 107-1.0 x 107 cells/ml. LiCl was added to a final concentration of 10 mM, and cells were incubated for 20 min at 37 'C. The cells were transferred to Microfuge tubes, incubated with 25 ,tg/ml Con A for 10 min at 37 'C and centrifuged. After aspiration of the medium, 0.75 ml of chloroform/methanol (1:2, v/v) was added to the cell pellet. The aqueous and organic phases were separated by the addition of 250 ,ul of water and 250 ,ul of chloroform. The upper aqueous phase was diluted to 2.5 ml. Free inositol and the inositol phosphates were separated from these extracts using a Dowex 1 (X8; formate form) resin (Pharmacia, Piscataway, NJ, U.S.A.) anion-exchange column. The eluent used was 5 mM sodium borate and 60 mM sodium formate (inositol and glycerophosphoinositol), 0.1 M formic acid and 0.2 mM ammonium formate (InsPj), 0.1 M formic acid and 0.4 mM ammonium formate (InsP2) and 0.1 M formic acid and 1 mM ammonium formate (InsP3).
The resolved inositol phosphates were quantified by liquidscintillation spectroscopy. After the collection of each peak, the column was washed with 3-4 column vol. of the same buffer before elution of the next peak; during these washes, eluted radioactivity returned to background levels. The identities of InsP1, InsP2 and InsP3 were confirmed with radiolabelled standards. This method unequivocally separates InsP1, InsP2 and InsP3 from one another, but does not resolve isomers of the inositol phosphates [30] .
We also incubated a set of Balb/c T-cells with putrescine for 1 h in RPMI medium and then measured inositol phosphates in order to examine the effect of exogenous polyamines on T-cells. Previous studies showed that exogenous putrescine is readily internalized within 30 min of its addition to cell culture [31] .
Western blots
Con A-stimulated (25 ,ug/ml for 10 min) T-cells from untreated and DFMO-treated MRL-lpr/lpr as well as Balb/c mice were lysed in Nonidet P40 lysis buffer (containing 1 % Nonidet P40, 20 mM Tris/HCl, pH 8.0, 150 mM NaCl and 1 mM PMSF) at a concentration of 107 cells/ml at 4 'C. Total protein content was quantified using a kit from BRL (Gaithersburg, MD [Ca2+1l was calculated as described previously [27,281. method [27, 28] . All 
Quantification of inositol phosphates
We next examined inositol phosphate hydrolysis in T-cells from Balb/c mice, as well as that from untreated and DFMO-treated MRL-lpr/lpr mice. Splenic T-cells were treated with 25 ,ug/ml Con A in the presence of [3H]inositol. Water-soluble lipids from both control and Con A-stimulated cells consisted of three distinct radioactive peaks, corresponding to InsP1, InsP2 and InsP3 when resolved on an anion-exchange column (Figure 4) . Table 1 other events in the signal-transduction pathways, including the production of InsP3.
We further confirmed that elevated levels of polyamines had a significant effect on inositol phosphate hydrolysis by measuring InsP3in Balb/c T-cells treated with 1 mM putrescine. As reported previously [31] , there was a facile transport of putrescine within the first 30 min of treatment. In Balb/c T-cells, the basal level of putrescine was negligible (see Table 3 below), whereas that measured after 30 min of putrescine treatment was 250 pmol/ 106 cells. In the absence of Con A treatment, [3H]InsP3 in cells not exposed to putrescine (control cells) was 1200 + 35 c.p.m., whereas that in putrescine-treated cells was 800 + 45 c.p.m. After Con A (25 ,g/ml) treatment, [3H]InsP3 production increased to 2100+100 and 1500+75 c.p.m. respectively in control and putrescine-treated cells. This result confirms that accumulation of intracellular polyamines inhibits phosphate hydrolysis, although this inhibition is not as marked as in MRL-lpr/lpr splenocytes.
Quantification of tyrosine phosphorylation by Western-blot analysis
In the next set of experiments, we studied tyrosine phosphorylation of proteins from T-cells of all three groups of mice. Tcells were stimulated with 25 ,tg/ml Con A for 10 min and proteins were extracted as described in the Experimental section. Figure 5(a) shows results of Western-blot analysis using a
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Insf3 Table 2 Effect of DFMO treatment on splenic T-cell subpopulatfons of 20- MRL-lpr/lpr monoclonal anti-phosphotyrosine antibody. Two major bands corresponding to 63 and 56 kDa were phosphorylated at the tyrosine residues. The 63 kDa band was present in samples prepared from all three sources. The 56 kDa band was barely visible in samples from splenic T-cells of Balb/c mice, whereas this band was very intense in T-cells from MRL-lpr/lpr mice. DFMO treatment significantly reduced the intensity of the 56 kDa band. Quantification of the intensity of this band, using a scanning densitometer, gave proportions of 1: 7: 2 for normal Balb/c, untreated MRL-lpr/lpr and DFMO-treated MRLlpr/lpr mice respectively. We conducted further Western-blot analysis using an antiserum to p561ck protein ( Figure Sb) . T-cells from Balb/c as well as untreated and DFMO-treated MRL-lpr/lpr mice had comparable p561ck protein levels. This result, in conjunction with that presented in Figure 5 (a), shows that p561ck is hyperphosphorylated in T-cells of untreated MRL-lpr/lpr mice compared with normal Balb/c mice. In vivo treatment of MRL-lpr/lpr mice with DFMO produced a significant reduction in the phosphorylation of the p56Ick protein ( Figure Sa, lane 3) .
Effect of DFMO treatment on CD4 and CD8 T-cell subpopulatlons To examine whether the altered signal-transduction pathways found in splenic T-cells of DFMO-treated MRL-lpr/lpr mice is due to a preferential loss of the CD4+ or CD8+ subpopulations of T-cells, we determined the concentrations of these cells using two-colour flow cytometry. There was no significant difference between T-cell subpopulations of DFMO-treated and untreated mice ( Table 2 ). These data suggest that DFMO-induced changes in signal-transduction pathways do not represent selective depletion of CD4 or CD8 subpopulations in splenic T-cells of MRL-lpr/lpr mice.
Measurement of ODC activity and polyamine concentrations
In order to quantify the effect of DFMO on polyamine biosynthesis, we measured ODC activity and polyamine levels in splenocytes of Balb/c and untreated and DFMO-treated MRLlpr/lpr mice. Basal ODC activity in MRL-lpr/lpr splenocytes was 4-fold higher than in T-cells of Balb/c mice, and DFMO treatment reduced this activity to a level lower than that in Balb/c mice (Table 3) . Putrescine was not detectable in splenocytes of Balb/c and DFMO-treated MRL-lpr/lpr mice under the conditions of our assay, whereas its concentration was 78 + 25 pmol/106 cells in untreated MRL-lpr/lpr mice. Spermidine and spermine levels were 5-and 3-fold higher in the splenocytes of untreated MRL-lpr/lpr mice than in those of Balb/c mice. There was a significant reduction in spermidine concentration on DFMO treatment, whereas spermine levels were not significantly affected. These results are consistent with the known mode of action of DFMO as a mechanism-based specific inhibitor of ODC [1] .
DISCUSSION
The results presented in this paper show deficiencies in transmembrane Ca2+ influx and InsP3 generation in Con A-treated splenic T-cells of MRL-lpr/lpr mice compared with normal Balb/c mice. These deficiencies were largely corrected by DFMO treatment, indicating an important role for polyamines in modulating the signal-transduction pathways in autoimmune T-cells. Flow-cytometric analysis of CD4 and CD8 subpopulations of T-cells from the spleen of untreated and DFMO-treated MRLlpr/lpr mice shows that the ratio of these cell populations is not significantly affected by DFMO treatment. Thus the normalization of signal-transduction pathways in splenic T-cells by polyamine depletion is not a result of preferential elimination of a subset of T-cells.
Inadequate signal transduction during thymocyte ontogeny and activation of mature T-cells has been attributed to functional T-cell defects in murine lupus. Scholz et al. [32] reported that hyporesponsiveness of lpr T-cells to mitogens is linked to a reduction in phosphoinositide hydrolysis. Budd et al. [25] observed that the functional deficiencies observed in the doublenegative T-cells of MRL-lpr/lpr mice could be correlated with the defects in Ca2l influx and InsP3 production in response to mitogenic stimulation. Samelson et al. [33] reported a constitutive tyrosine phosphorylation on p21 in lpr and gld T-cells, even in the absence of mitogenic stimulation, suggesting abnormalities in the signal-transduction pathway involving tyrosine kinases.
A link between Ca2+ influx, phospholipid hydrolysis and polyamines has been reported by us and other investigators [27, [34] [35] [36] [37] . We found that polyamines inhibited Ca2+ influx in Balb/c splenic T-cells in a cell-specific manner [27] , the CD4 subset being more susceptible to the inhibitory effect of polyamines than the CD8 subset. Feuerstein et al. [34] demonstrated that polyamine inhibition by DFMO altered Ca2+ signalling in platelet-derived-growth-factor-stimulated A172 brain tumour cells in culture. Polyamine-mediated inhibition of the phospholipid-sensitive Ca2+-dependent protein kinase C has also been reported [35] . It is possible that the effect of polyamines might be exerted through their oxidation products [36] . Furthermore, polyamines may react with biological membranes and induce a variety of effects including the promotion of membrane fusion and inhibition of the association of protein kinases with the membranes [37] . For example, Smith and Wells [38] have previously shown that polyamines affect protein tyrosine kinase activities. Our recent studies show that polyamines modulate epidermal-growth-factor-stimulated epidermal growth factor receptor tyrosine kinase activity in A431 human epidermoid carcinoma cells [39] .
Our Western-blot analysis using a monoclonal anti-phosphotyrosine antibody showed that Con A-stimulated splenocytes of MRL-lpr/lpr mice are hyperphosphorylated on p561ck. Splenocytes from Balb/c and DFMO-treated MRL-lpr/lpr mice exhibited comparable levels of phosphorylation on p56lck. These data are in agreement with the results of Oetken et al. [40] who reported that DFMO treatment of LSTRA cells suppressed the amount of tyrosine phosphorylation in several cellular substrates, including p561ck. They also reported that polyamines inhibited phosphotyrosine phosphatases. Thus it is possible that polyamines may modulate the rate of dephosphorylation of p56lck by CD45 and/or other membrane-bound phosphatases.
Several studies [41] [42] [43] show that p56lck-related phosphorylation events enhance T-cell-receptor-mediated functions and are critical to the co-receptor role of CD4. p561ck has two tyrosine residues, Tyr-394 and Tyr-505, of which the former is an autophosphorylation site [21, 44] . Tyr-505 is constitutively phosphorylated in vivo. Dephosphorylation at this site and consequent kinase activation are regulated by the tyrosine phosphatase, CD45 [24] . Reduced p56lck activation and increased phosphorylation on Tyr-505 are displayed by T-cells lacking CD45. Analysis of transgenic mice overexpressing activated p56lck [45] and mice that are deficient in p561ck [46] demonstrate that this kinase is required for normal thymocyte maturation. Thus it is likely that increased polyamine concentrations in MRL-lpr/lpr mice suppress dephosphorylation of this site and consequently lead to decreased production of inositol phosphates. This effect on signal transduction appears to be specific for CD4+ T-cells, as our previous findings [27] indicate that polyamines inhibit Ca2+ influx in CD' T-cells but not in CD8+ T-cells. Our studies [14] also indicate that DFMO treatment normalized the defect in the thymic maturation process in terms of the proportion of cells expressing CD4 and CD8 differentiation markers.
In spite of the hyperactivation of B-cells, MRL-lpr/lpr T-cells are refractory to mitogenic stimulation and produce very little interleukin 2 [47] . Altered thymic development and differentiation, and consequent accumulation of immature CD4-CD8-double-negative T-cells, are characteristics of murine lupus. We found aberrant regulation of ODC in MRL-lpr/lpr mice [48] . It is likely that autoimmunity-related T-cell defects arise from the combined effect of the lpr gene and abnormalities in background genes such as ODC, contributing to the expression of the disease.
The lpr modification appears to be a mutation/modification in the fas gene which is involved in apoptosis [49, 50] .
In summary, our results show that phosphoinositide hydrolysis and transmembrane Ca2+ influx are suppressed in Con Astimulated MRL-lpr/lpr T-cells. We also found hyperphosphorylation on p561ck, which was normalized by DFMO treatment.
Intracellular concentrations of spermidine and spermine are 5-and 3-fold higher respectively in splenocytes of MRL-lpr/lpr mice than in those of Balb/c mice. Whereas putrescine is undetectable in unstimulated Balb/c splenocytes, 78 + 25 pmol/ 106 cells was found in unstimulated splenocytes of MRL-lpr/lpr mice. Taken together, these data suggest that the defective signaltransduction pathways of MRL-lpr/lpr T-cells are linked to increased levels of polyamines, and suggest an important role for polyamines in T-cell signalling and function.
